Mitochondria generate ATP and building blocks for cell growth and regeneration, using pyruvate as the main substrate. Here we introduce PyronicSF, a user-friendly GFP-based sensor of improved dynamic range that enables real-time subcellular quantitation of mitochondrial pyruvate transport, concentration and flux. We report that cultured mouse astrocytes maintain mitochondrial pyruvate in the low micromolar range, below cytosolic pyruvate, which means that the mitochondrial pyruvate carrier MPC controls the decision between respiration and anaplerosis/gluconeogenesis in an ultrasensitive fashion. The functionality of the sensor in living tissue is demonstrated in the brain of Drosophila melanogaster larvae. Mitochondrial subpopulations are known to coexist within a given cell, which differ in their morphology, mobility, membrane potential, and vicinity to other organelles. The present tool can be used to investigate how mitochondrial diversity relates to metabolism, to study the role of MPC in disease, and to screen for small-molecule MPC modulators.
Introduction
Mitochondria are the chief energy generators of animal cells, accounting for over 90% of ATP production, and they also generate building blocks for the synthesis of sugars, amino acids, nucleic acids and prosthetic groups, essential elements for tissue growth, plasticity and regeneration. In addition to their metabolic functions, mitochondria are involved in diverse physiological and pathophysiological processes, including Ca 2+ signaling, the production of reactive oxygen species, aging and degeneration, cell death and oncogenesis. Some open issues in mitochondrial physiology are the regulation of intermediate metabolism, the coordination between cytosolic and mitochondrial pathways, the decision between catabolism and anabolism, and the crosstalk between mitochondria and other organelles like plasma membrane and endoplasmic reticulum.
Transversal to these questions is the meaning of mitochondrial diversity.
A major mitochondrial substrate for mammalian cells is pyruvate, a 3-carbon organic acid produced from glucose, lactate and amino acids. Pyruvate enters mitochondria through the mitochondrial pyruvate carrier (MPC) [1] [2] [3] . Once in the matrix, the flux of pyruvate is split. Carbon is either shed to generate ATP via oxidative phosphorylation or alternatively, carbon is accrued to generate oxaloacetate, a process termed anaplerosis, which provides building blocks for biosynthesis and constitutes the first step of gluconeogenesis.
Pyronic, the first genetically-encoded sensor for pyruvate 4 , has permitted the measurement of cytosolic pyruvate in several organisms with high temporal resolution, see for example [5] [6] [7] [8] [9] [10] [11] . This article introduces a new version of Pyronic that improves on the original sensor in terms of dynamic range and facility of use, as it is imaged with the 488 nm Argon laser of standard confocal microscopes. To demonstrate the usefulness of the probe, we measured cytosolic, nuclear and mitochondrial pyruvate concentration, MPC-mediated permeability and determined the metabolic flux of small groups of mitochondria. The main finding of this study is that mitochondrial pyruvate lies in the low micromolar range, endowing the MPC with ultrasensitive control over anaplerosis.
Experiments were also carried out in fruit fly larvae to demonstrate pyruvate dynamics in living tissue.
RESULTS
A highly responsive pyruvate sensor Figure 1A illustrates PyronicSF (Single Fluorophore), in which the bacterial transcription factor PdhR 12 has been linked to a circularly-permuted version of GFP (cpGFP) 13 (DNA sequence in Supplementary Fig. S1 ). Exposure of the sensor to pyruvate in vitro caused a strong increase in fluorescence when excited by blue light (Fig. 1B) . Excited at 488 nm, the increase in fluorescence emission was ≈ 250%, with a K D of 480 µM (Fig. 1C) . As expected from the behavior of PdhR 4 in the FRET sensor Pyronic, PyronicSF was insensitive to lactate, to other structurally related organic acids, and to NAD + and NADH (Fig. 1D) . While the sensing of pyruvate by PyronicSF was insensitive to pH, there was a pH-dependent shift in the whole dose-response curve ( Supplementary Fig. S2 ).
Because the FRET sensor Pyronic is insensitive to pH 4 , we attribute the effect of pH on PyronicSF to the pH-sensitivity typical of cpGFPs 14, 15 . When required, the signal can be corrected by using parallel measurements with a pH probe or by taking advantage of the pH-sensitivity of PyronicSF excited at its isosbestic point (435 nm; Fig. 1B ), as detailed in Supplementary Fig. S2 . Excited with violet light, pyruvate caused a decrease in fluorescence emission (Fig. 1B) , which may be exploited to obtain ratiometric measurements using, for example, the 405 nm laser line available in some confocal microscopes. Expressed in the cytosol of HEK293 cells, PyronicSF showed a homogeneous distribution and responded to a saturating pyruvate load with a change in fluorescence similar to that of the purified protein (Fig. 1E ). The amplitude of the response of PyronicSF was > 6 times that of Pyronic (Fig. 1E ) 4 .
Estimation of MPC activity
PyronicSF was targeted to the mitochondrial matrix using the destination sequence of cytochrome oxidase. The targeting was successful in various cell types, as evidenced by the labeling of elongated cytoplasmic structures that are of shape and size characteristic of mitochondria ( Supplementary Fig. S3 ). To test the functionality of the sensor we chose astrocytes, cells that combine oxidative phosphorylation with anaplerosis, and that in culture are very thin, ideal to resolve mitochondria ( Fig. 2A) . Confirmation of correct targeting was provided by colocalization with the voltage-sensitive dye TMRM ( Supplementary Fig. S4 ). Mito-PyronicSF also colocalized with the red fluorescent protein mCherry targeted to mitochondria ( Fig. 2A and Supplementary Fig. S3 ). Exposure of astrocytes co-expressing mito-PyronicSF and mito-mCherry to pyruvate resulted in a reversible increase in fluorescence ratio, evidencing mitochondrial uptake (Fig. 2B ).
The rise in mitochondria was much slower than its accumulation in the cytosol, monitored indirectly with PyronicSF targeted to the nucleus ( Supplementary Fig. S5 ). In cells in which mitoPyronicSF was expressed by lipid transfection (as opposed to adenoviral transduction), there was sometimes a diffuse staining explained by inefficient mitochondrial targeting/retention. In such "leaky" cells, the increase in signal elicited by a pyruvate load was biphasic, with a rapid phase attributable to the cytosolic sensor, followed by a slow mitochondrial phase ( Supplementary Fig.   S5 ). The FRET sensor Pyronic could also be targeted to mitochondria in functional form (Supplementary Figs. S3 and S6), but four copies of the destination sequence were needed, probably because of its larger size relative to PyronicSF.
The uptake of pyruvate by mitochondria was sensitive to the specific MPC1 blocker UK-5099 [1] [2] [3] 16 ( Fig. 2C) . The average degree of uptake inhibition was 69 % (Fig. 2C ). Possible explanations for the incomplete inhibition may be variations in the subunit composition of the MPC 16 and/or the presence of alternative routes. This type of uptake protocol seems amenable to the identification and characterization of pharmacological inhibitors of the MPC, a transporter that has been singled out as a target of clinical interest 6, [17] [18] [19] [20] [21] [22] [23] . To illustrate the potential of mito-PyronicSF for drug discovery, we show here that the insulin sensitizer rosiglitazone inhibited the uptake of pyruvate by astrocytic mitochondria by 67% (Fig. 2D ), providing direct confirmation that MPC is a target of thiazolidinediones 17 .
Quantification of mitochondrial pyruvate concentration
The concentration of pyruvate in the mitochondrial matrix of intact cells is unknown. . Next, the dosage of MPC was tuned so that at a cytosolic pyruvate of 33 µM and the pH gradient estimated previously in these cells 24 , mitochondrial pyruvate stabilized at 21 µM, as determined above. With the system configured in this way a number of observations could be made. Firstly, activation of the MPC is necessary for efficient stimulation of oxidative metabolism. For example, PDH activation does not translate into a sustained flux increase because mitochondrial pyruvate becomes depleted, leading to partial PDH desaturation (Fig. 3E ). More dramatically, the fall of pyruvate leads to a strong decrease of flux through PC, a "steal" flux phenomenon. However, if the activation of PDH is accompanied by activation of the MPC, the flux through PDH can be sustained, with minimal disturbance of PC flux. Figure 3E also shows that MPC modulation is sufficient to efficiently modulate the flux through PC. Actually, Fig. 3F shows that if the steady-state concentration of mitochondrial pyruvate is below 30 µM, a given change in MPC activity will be amplified in terms of PC flux, a phenomenon that has been termed ultrasensitivity 28 . For example, at 21 µM mitochondrial pyruvate, a 1% MPC increase causes a 1.2% increase in PC flux. In contrast, PDH flux increases by only 0.4% (Fig. 3F) . A similar analysis showed that PC flux is also highly responsive to cytosolic pyruvate. For example a rise in cytosolic pyruvate, as may result from glycolytic activation, is faithfully followed by an increase in PC flux and a minor increase in PDH flux (Fig. 3G) .
Remarkably, the MPC and cytosolic pyruvate interact synergistically with respect to PC flux but antagonistically with respect to PDH flux. A coincidental rise of MPC activity and cytosolic pyruvate will cause an increase in PC flux larger than the sum of the two independent effects, but for PDH the effects are not even additive (Fig. 3G) . The exquisite sensitivity of PC flux to MPC activity (and to cytosolic pyruvate) is not observed at high mitochondrial pyruvate levels (Fig. 3F ).
Quantification of mitochondrial pyruvate flux
A protocol to approach flux was devised based on the idea that acute inhibition of mitochondrial pyruvate entry at the MPC should cause a progressive fall in mitochondrial pyruvate as it is consumed by PDH and PC. Analogous methods have been applied successfully to the measurement of whole cell glucose, lactate and pyruvate consumptions in various cell types 9, 29, 30 .
As shown in Fig. 4A , MPC stoppage with UK-5099 caused immediate depletion of mitochondrial pyruvate. Consistent with the partial UK-5099 inhibition of the pyruvate transport described above, the depletion was not complete. We do not think that the partial effect is explained by insufficient UK-5099, because similar steady-states were reached at 0.5 µM and 10 µM UK-5099 (53 ± 12% versus 47 ± 6%; 12 cells in three paired experiments, p > 0.05, data not shown) and the half-inhibition constant for MPC inhibition by UK-5099 is only 50 nM 31 . Thus, the present protocol underestimates actual the rate of mitochondrial pyruvate consumption by an approximate factor of 2. Reportedly, long term exposure to UK-5099 causes irreversible inhibition of the MPC 17, 32 but this was not observed at the low concentrations and short exposure times used here (Fig. 4B ). This reversibility opens the possibility of before-and-after experiments. Using such a protocol, uncoupling of oxidative phosphorylation (OXPHOS) strongly stimulated stimulated mitochondrial pyruvate consumption (Fig. 4C) whereas conversely, inhibition of OXPHOS with the cytochrome oxidase inhibitor azide resulted in a lower rate (Fig. 4D) . A representative example of the estimation of mitochondrial pyruvate consumption expressed in absolute terms is shown in Fig.   4E . There was substantial variability between cells, which ranged from 0.29 to 3.1 µM/s, with a median value of 1.1 µM/s (Fig. 4E ).
To exemplify how mito-PyronicSF might serve to study subcellular metabolism, pyruvate concentration and consumption were determined in mitochondria located in different regions of a cell. Steady-state pyruvate in a small group of peripheral mitochondria was found to be higher than in mitochondria lying close to the nucleus. Application of the transporter-block protocol showed that pyruvate consumption may also differ within a cell (Fig. 5) .
Mitochondrial pyruvate dynamics in brain tissue
The ability of mito-PyronicSF to monitor pyruvate in living tissue was investigated in Drosophila . A few years ago, our group introduced the FRET sensor Pyronic 4 that has permitted high resolution measurement of pyruvate in multiple contexts from cultured cells to living animals [5] [6] [7] [8] [9] [10] [11] . , but this problem is not anticipated for pyruvate because its levels are higher (µM instead of nM) and metabolic transients are slow (seconds instead of ms). Possible interference of surface permeability in the study of MPC transport activity may be circumvented using permeabilized cells. Assays based on mito-Pyronic may be combined with the study of the MPC using luminescence 6 .
Ultrasensitive regulation of anaplerosis/gluconeogenesis by the MPC
Why is the mitochondrial concentration of pyruvate important? After it became established that pyruvate enters mitochondria through a transporter and not via simple diffusion 35, 36 , issue was raised as to the role of the transporter on pyruvate utilization 37, 38 . This is not a trivial question, as some transporters play important roles in flux control, for example glutamate transporters in the brain, and others do not, such as monocarboxylate carriers in most tissues 39 . Key to this controlling role is the thermodynamic gradient driving the transporter. For the MPC, the relevant parameters are pH and pyruvate. It is well established that there is steep transmitochondrial proton gradient, which ranges between 0.6 and 1 pH units 24, 40 , but for pyruvate, the numbers have not been available. Pyruvate in samples of brain tissue obtained by quick-freezing was measured at 99 µM
41
, although fast glycogen degradation during the procedure may have affected the result 42, 43 . The concentrations found here in cultured astrocytes showed that in these cells the MPC is poised to modulate metabolic decisions. Would that be the case in other cell types? Gluconeogenesis from lactate and amino acids in liver feeds the brain with glucose during fasting and exercise, but becomes excessive in diabetes, leading to hyperglycemia and chronic illness. Gluconeogenesis starts with the carboxylation of pyruvate by pyruvate carboxylase (PC) and this step may have a more important role in rate modulation than anticipated 20, 44 . The MPC has also been pinpointed as a target in neurodegenerative diseases, because its inhibition mobilizes glutamate towards oxidation therefore ameliorating excitotoxicity 22 . In contrast, in cancer cells, MPC acts as a protective factor by inhibiting the Warburg effect 18 and MPC inhibition enhanced tumor aggression and resistance to chemo-and radiotherapy 18, 23 . Growth under MPC-inhibition is sustained by reprogramming of mitochondrial metabolism including enhanced glutaminolysis and lipid catabolism 19 . Knowledge of mitochondrial pyruvate concentration, permeability and flux a cellular and subcellular levels may contribute to the understanding of these complex diseases, as well as in the identification and characterization of drugs that target the MPC, such as thiazoledinediones 17 .
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METHODS
Standard reagents were acquired from Sigma and Merck.
Generation and in vitro characterization of PyronicSF
Single fluorophore pyruvate sensors were built using the bacterial transcription factor PdhR 12 and cpGFP 13 . To obtain purified protein, the DNA-coding sequence was cloned into pGST-Paralell1 Indicator from CECs Single Fluorophore; DNA sequence is available in Supplementary Fig. S1 ), was cloned into pcDNA3.1(-) for expression in eukaryotic cells. PyronicSF was targeted to mitochondria or nucleus using pSHOOTER plasmids (ThermoFisher). PyronicSF plasmids are available from Addgene.
Animals and cultures (mice and flies)
Mixed 
Mathematical modeling
Mitochondrial pyruvate dynamics were simulated using Berkeley Madonna software and the following set of ordinary differential equations: (A) PyronicSF. cpGFP flanked by linkers was inserted between aminoacid residues 188 and 189 of PdhR. DNA sequence in Supplementary Fig. S1 ). 
